Lead is highly toxic and its detection has attracted a lot of research interests. In recent years, DNA has been used for Pb 2+ recognition and many fluorescent sensors with low to sub-nM detection limits have been reported. These figures of merit were typically measured using a spectrophotometer that can detect nM DNA with a high signal-to-noise ratio. 
required, making it difficult to detect low nM targets. We recently achieved a visual sensitivity of 10 nM Hg 2+ by immobilizing a DNA probe in a hydrogel. This was made possible because the gel was able to actively adsorb Hg 2+ . In this work, we aim to test whether this method can be extended to the detection of Pb 2+ . First, a new Pb 2+ sensor was designed based on a guanine-rich DNA and DNA binding dyes such as thiazole orange and SYBR Green I. The free DNA showed a detection limit of 8
nM Pb 2+ using 40 nM DNA. For visual detection in solution with 1 M of the DNA probe, however, ~300 nM Pb 2+ was required. After immobilization in a monolithic polyacrylamide hydrogel, even 20
nM Pb 2+ could be visually detected with a sample volume of 50 mL. Therefore, sensitive detection 2 without signal amplification was achieved. Finally, we demonstrated simultaneous detection of both Hg 2+ and Pb 2+ in the same water sample with shape encoded hydrogel sensors.
Introduction.
Lead is a highly toxic heavy metal that is known to cause a diverse range of adverse health effects, especially to children. 1 Common symptoms of lead poisoning include mental retardation, behavioral problems, and hearing damage. 2 To effectively manage the problem of lead contamination, coordinated research efforts have been devoted to the development of sensors that allow on-site and real-time detection. [3] [4] [5] While the current standard for lead analysis still relies on complex analytical instruments such as atomic absorption and emission spectroscopy, these instruments are available only in centralized laboratories, making sensors an attractive alternative.
The use of DNA as a recognition molecule for lead sensing has been extensively explored recently. 3, 4, 6 Pb 2+ can act as a highly efficient cofactor to catalyze DNAzyme-based RNA cleavage reactions. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In addition, Pb 2+ effectively stabilizes the DNA G-quadruplex structure and thus induce a DNA conformational change, 18 or form a peroxidase DNAzyme in the presence of hemin. 19, 20 The binding affinities between these DNAs and Pb 2+ are in the low M and even nM region. A number of signaling methods have been incorporated into these DNAs to result in biosensors with low nM to subnM sensitivity. [20] [21] [22] [23] [24] [25] [26] The maximal contamination level of lead in drinking water defined by the US EPA is 72 nM. Therefore, many DNA-based sensors can be potentially used to detect Pb 2+ in drinking water.
Most of the reported detection limits were determined using a sensitive fluorometer or spectrophotometer. For practical applications, visual detection with the naked human eye is preferred.
Spectrophotometers can detect low nM DNA or fluorophore concentrations with a good signal-to-noise ratio but the human eye requires a concentration of ~ 1 M or higher. The increase of sensor concentration compromises sensitivity due to the increase of background signal. As a result, few 3 sensors can achieve visual detection at low nM target concentration without signal amplification. This is a fundamental issue and thus is true not only for lead detection but also for any other analytes.
We consider that this problem can be solved by sensor immobilization, where a high concentration of DNA probe is fixed onto a surface and target analytes can thus be enriched at the surface through their specific binding. Among the different surfaces available for sensor immobilization, we found that hydrogels are particularly attractive. 27 In this work, we aim to develop a hydrogel-based fluorescent sensor for visual detection of Pb 2+ .
For signal generation, we plan to employ a label-free design to allow cost-effective detection. There are a number of label-free strategies for Pb 2+ detection in the literature, [20] [21] [22] [23] [24] [25] [26] but most involve fluorophore generation through catalytic reactions and the generated fluorophores are not bound to the DNA, thus defeating the purpose of sensor immobilization. Therefore, we first designed and characterized a new sensor by screening a number of DNA binding dyes. We found that thiazole orange (TO) and SG can be used for this purpose, both of which showed a yellow-to-green fluorescence change in the presence of Pb 2+ . After hydrogel immobilization, even 20 nM Pb 2+ can be visually detected without any signal amplification procedures. Finally, simultaneous detection of two metals using gel shape to encode for each analyte was also demonstrated. PicoGreen, SYTO-13, and Hoechst 33258 were purchased from Invitrogen (Carlsbad, CA).
Pb 2+ detection using non-immobilized DNA. Two conditions with different sensor concentrations
were used for Pb 2+ detection in solution. First, 40 nM AGRO100 DNA and 20 nM TO were dissolved in 600 L buffer A (20 mM MES, pH 6.0 and 20 mM NaNO3) in a quartz cuvette. With 510 nm excitation, emission from 520 to 600 nm was collected using a Varian Eclipse fluorometer. Pb 2+ was titrated from 0 to 130 nM. In the second case, 1 M DNA and 0.5 M TO were used in 20 mM MES, pH 6.0, and the measurement was performed using NanoDrop 3300 (Thermo Scientific). For dye screening, the DNA and dye concentrations were both 1 M in a volume of 100 L. The Pb 2+ concentration was either 0 or 2 M. The fluorescence signal was collected using a digital camera (Canon PowerShot SD 1200) under the 254 nm excitation using a handheld UV lamp.
Synthesis of DNA-functionalized hydrogels.
To prepare the hydrogel the following solutions were mixed: 40% gel solution (29:1), NaNO3 (2 M), HEPES (pH 7.6, 0.5 M), acrydite-modified-DNA (0.5 mM), and water. This mixture contained a final gel percentage of 4% and 100 mM NaNO3, 50 mM 5 HEPES, and 10 M DNA. To initiate polymerization, a fresh initiator solution was made by dissolving 50 mg (APS) in 500 L water and 25 L TEMED. The volume of the initiator was kept to be 5% of the final mixture. A 96-well plate was used for gel preparation, where 70 L of the gel solution was added to each well. The gels were polymerized for 1 hr at room temperature and then soaked in water twice (each soaking for at least 5 hr) to remove free monomers, initiator, and unincorporated DNA.
Pb 2+ detection using hydrogels.
In a typical experiment, each gel was soaked in 1 mL of buffer A containing Pb 2+ or other metal ions in the presence of 1 M TO. The gel was soaked in this mixture for 1 hr at room temperature on a shaker, excited with a handheld UV lamp at 254 nm at a distance ~10 cm from the gel and imaged using the digital camera. A UV protection goggle was used for visual observation. To detect Pb 2+ in 50 mL samples, the gels were soaked in conical tubes containing varying concentrations of Pb 2+ and 6 L of 500 M TO. After soaking for 4 hrs, the gels were then transferred to 1.5 mL tubes for imaging.
Shape encoded detection.
A pyramidal mold, with a 77 mm base and a depth of 3 mm was used to prepare the Hg 2+ binding gel. The gel was prepared as above, but with the Hg 2+ binding DNA sequence. 28 For detection, four tubes were prepared containing 10 mL of buffer A in the absence or presence of 1 M of Pb 2+ or Hg 2+ . After 1 hr soaking, the gels were transferred into 1.7 mL microcentrifuge tubes in the same buffer solution and 4 L of 500 M SG was added and the gels were allowed to soak for another 2 hrs before a picture was taken under the 254 nm UV excitation.
Results and Discussion

Sensor design and dye screening.
We chose a guanine rich DNA named AGRO100 for Pb 2+ recognition. Its sequence is shown in Figure 1A . AGRO100 has been found to be useful for cancer cell inhibition and targeted drug delivery. 37 Recently, this DNA was also reported to selectively bind Pb 2+ with a high affinity and specificity. For example, it was able to bind hemin in the presence of Pb 2+ to 6 produce a peroxidase DNAzyme, which catalyzed the oxidation of Amplex UltraRed to produce a red fluorescence. 20 It is generally accepted that the G-quartet formed by AGRO100 consists of a dimer as shown in Figure 1A . To allow effective visual detection, we aim to design a probe that significantly changes the emission property in the presence Pb 2+ . In particular, the dye should be associated with DNA so that a high optical density can be achieved after DNA immobilization. To this end, we screened the visual response of this DNA in the presence of eight dyes. As shown in Figure 2 , most dyes (e.g. SG, PicoGreen, SYTO-13, EB, and Hoechst) showed slightly quenched fluorescence upon addition of Pb 2+ . ZnPPIX was reported to emit red fluorescence upon binding to another singlestranded G-rich DNA, 23 but showed no fluorescence with AGRO100. MG is known to bind to Gquadruplex but showed no fluorescence in this case either. 38, 39 Only thiazole orange (TO) produced a comparable fluorescence intensity after adding Pb 2+ , and this dye is also known to bind to DNA quadruplex. 40, 41 A yellow-to-green fluorescence change was observed for all the green fluorescent dyes.
Such a color change is likely to be more visible to the human eye than a small quantum yield change and we chose to use TO and SG for the subsequent studies. mM NaNO3. The pictures were taken under the 254 nm handheld UV lamp excitation using a digital camera at ~15 min after adding Pb 2+ .
Label free detection.
We first tested the sensor performance at a low DNA concentration. With 40 nM AGRO100 and 20 nM TO, an emission peak at 537 nm was observed under the 510 nm excitation.
Addition of Pb 2+ gradually increased the peak intensity and also blueshifted the peak to 531 nm ( Figure   3A ), which explained the yellow-to-green color change. The amount of fluorescence increase was only ~60%, which was much lower than that observed for the Hg 2+ sensor using SG, where over 10-fold enhancement was achieved. 42 This suggested that the binding between the DNA and TO was only weakly affected by Pb 2+ . If the intensity increase was plotted as a function of Pb 2+ , a sigmoid curve was obtained as shown in Figure 3B , indicative of a cooperative Pb 2+ binding. Each pair of DNA can bind to 4 Pb 2+ ions considering the formation of four pairs of G-quartets. We achieved a Hill coefficient of 2.7, suggesting that after binding to 3 Pb 2+ ions, the structure was stable enough. The initial low Pb 2+ concentration part was fit to a linear curve as shown in the inset. The detection limit was calculated to be 8 nM based on 3/slope calculation, where  is the standard deviation of background fluorescence variation. For comparison, the sensor response in the presence of SG was also measured. As shown in 9 Figure 3C , a series of blueshifted spectra with decreasing intensity were obtained, which was consistent with the visual detection results in Figure 2 . Therefore, for intensity-based measurement, TO is preferred because of its light-up nature. For wavelength shift (emission color)-based assays, both dyes can be used. We next measured the sensor response to other metal ions. As shown in Figure 4A , all the tested competing metal ions (10 M) suppressed the emission intensity and the most significant quenching was observed in the presence of Cu 2+ , consistent with its paramagnetic nature. Since this sensor is based on the formation of G-quadruplex and K + is also known to be effective for this purpose, we next tested the sensor response in the presence of K + . As shown in Figure 4B , fluorescence increase was not observed until the K + concentration was greater than 1 mM, while 100 nM Pb 2+ already showed saturated response. It was reported that the quadruplex structure formed in the presence of Pb 2+ was tighter than that with K + , explaining the selectivity. 19, 20, 43 For comparison, we also titrated the sensor with Na + in the same concentration range and only reduced fluorescence was observed, which was attributed to the screening of the attractive electrostatic interaction between TO and DNA.
Therefore, this sensor was highly selective for Pb 2+ . 
Visual detection.
In the above work, a low DNA concentration of 40 nM was used. Its high affinity for Pb 2+ allowed highly sensitive detection. To achieve visual detection, the DNA concentration was increased to 1 M, while TO was also raised to 500 nM. After this 25 increase in the probe concentration, a yellow-to-green fluorescence change was observed in the presence of Pb 2+ ( Figure 5A ). About 300 nM Pb 2+ was required for visual detection. The reduced sensitivity was attributed to the increased probe concentration and related high background fluorescence. To have a quantitative understanding, we also performed careful titration studies as shown in Figure 5B for intensity and 5C for the ratio of intensity at 535 nm over 539 nm. The intensity did not change significantly when the Pb 2+ concentration was below 500 nM while the intensity ratio change was quite 11 noticeable at this concentration. Therefore, for such a system with small fluorescence intensity change, the wavelength shift became particularly useful. This study also hinted an interesting analytical problem. The human eye is only able to detect changes in fluorescence at high probe concentrations. With the high background associated with high probe concentration, sensitivity is compromised in such a detector limited system. One way to solve this problem is to still use a low probe concentration but introduce a signal amplification mechanism, so that nM analytes can be amplified through various turnover methods to produce M fluorophores for detection. 13, 17, [44] [45] [46] [47] While many elegant designs have been reported, multi-step operations are often required. We chose to use sensor immobilization in hydrogel to achieve analyte enrichment instead of using signal amplification. 27, 28, 30 With a high concentration of affinity ligand inside the gel, low concentration of Pb 2+ can be enriched inside the gel to achieve a high local concentration required for visual detection.
Acrylamide hydrogel immobilization.
To incorporate this DNA into a hydrogel, its 5-end was labeled with an acrydite group. The gel was prepared using 29:1 acrylamide:bisacrylamide at a final of 4% with 10 M of the acrydite-modified DNA. After gel formation, the initiators, free monomers, and non-incorporated DNAs were removed by soaking the gels in water. The gels were then exposed to varying concentrations of Pb 2+ in a volume of 1 mL and at the same time 1 M of TO dye was added.
To test the kinetics of signal generation, two gels were soaked in 1 mL of solution containing either no Pb 2+ or 1 M Pb 2+ . As shown in Figure 6A , a color difference was observed in just 5 min, although the fluorescence intensity was low. After 1 hr, the fluorescence became much brighter and the color difference remained. Therefore we chose to use 1 hr for most of the subsequent experiments. For the non-immobilized sensor, the signal change occurred instantaneously. Therefore, the slow kinetic observed here was due to diffusion within the monolithic gel. To test sensitivity, the gels were exposed to varying concentrations of Pb 2+ . After soaking for 1 hr at room temperature, the gels were imaged using a digital camera. As shown in Figure 6B , a green fluorescence was observed only in the presence of 500 nM Pb 2+ , which was similar to the sensitivity for the non-immobilized sensor shown in Figure   5A . Since this DNA can bind Pb 2+ with a high affinity, the hydrogel sensitivity may be improved by simply increasing the sample volume. To test this, we soaked the gels in 50 mL of water samples and found that even 20 nM Pb 2+ can be observed by the eye ( Figure 6D ). This represents the one of the most sensitive Pb 2+ sensors using visual detection.
Since hydrogels can be made into different shapes, it is possible to encode for different analytes based on gel shape. 36, 48, 49 To test this, we prepared the Pb 2+ sensor in a spherical shape and a Hg 2+ sensor in a triangular shape. The design of the Hg 2+ sensor has been previously reported. 28 Four water samples were prepared to allow for the testing of all combinations of presence or absence of the two 13 metal ions. To each water sample, one Pb 2+ detecting gel and one Hg 2+ detecting gel was added and after one hour of soaking, SG was added to stain the gels. As can be observed in Figure 6C , each tube contained two gels of different shapes. The round ones were sensitive to Pb 2+ . Without Pb 2+ , yellow fluorescence was observed, while green fluorescence was observed in the presence of Pb 2+ . The triangular gels were used to detect Hg 2+ and with Hg 2+ very bright green fluorescence was observed.
Therefore, simultaneous detection was achieved by hydrogel shapes. We chose to use SG for this experiment because it has been previously used to detect Hg 2+ . The gels were soaked in the same water samples and stained together by SG. The metal concentrations were 0 or 1 M. The image was collected under the excitation of a handheld UV lamp at 254 nm.
Conclusions.
In summary, we have designed a new label-free sensor for Pb 2+ detection using a guanine-rich DNA.
This DNA showed a green fluorescence in the presence of Pb 2+ and TO, but yellow fluorescence in the absence of Pb 2+ . Compared to the previously reported label-free sensors for Pb 2+ detection, this unique 14 wavelength shift allows convenient visual detection. We immobilized the sensor in a polyacrylamide hydrogel and demonstrated that the sensor can detect Pb 2+ with a sample volume dependent sensitivity.
With a 50 mL sample volume, even 20 nM Pb 2+ can be visually observed. We also demonstrated gel shape encoded detection, suggesting the good generality of the method as well as the potential of detecting a large number of analytes in one pot.
